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The modelingof carbonnanotube-metalcontactsis importantfrom both basicandappliedviewpoints.For
many� applications,it is importantto designcontactssuchthat the transmissionis dictatedby intrinsic prop-
erties� of thenanotuberatherthanby detailsof thecontact.In this paper,we calculatetheelectrontransmission
probability� from a nanotubeto a free-electronmetal,which is sidecontacted.If themetal-nanotubeinterfaceis
sufficiently	 ordered,we find that k-vector conservationplaysan importantrole in determiningthe coupling,
with
 thephysicsdependingon theareaof contact,tubediameter,andchirality. Themain resultsof this paper
are�� i� � conductance� scaleswith contactlength,a phenomenathathasbeenobservedin experiments;� ii��� in

�
the

case� of uniform coupling betweenmetal and nanotube,the thresholdvalue of the metal Fermi wave vector�
below
�

which coupling is insignificant� dependson chirality; and � iii � an� armchairtubecouplesbetterthana
zigzag� tubeto orderedAu/Ag contacts.Disorderandsmallphasecoherencelengthrelax theneedfor k

�
-vector

conservation,� therebymakingthe couplingstronger.

I.
�

INTRODUCTION

Carbon
�

nanotubesrepresentan intriguing material that
hasattractedmuchattentionboth from theoristsandexperi-
mentalists� sincethe early 1990s.1 Particularly

�
exciting is the

possibility� of one-dimensionalmetallic conductorsat room
temperature
 

that can be usedas a probe in scanningprobe
microscopyor as a low resistanceballistic interconnectfor
electron! devices.2–4 From

"
a morebasicpoint of view, much

can# be learnedaboutthe physicsof conductionby studying
the
 

conductanceof sucha one-dimensionalconductorat low
temperatures.
 

To exploit thesepossibilitiesit is importantto
understand$ the physicsof nanotube-metalcontacts,and to
experimentally! demonstratelow resistancecontactsin a re-
producible� manner.The contactbetweencarbonnanotubes
and% metal can occur at the end of the tube & end! contact' 5,6

(
and% along the circumferenceof the tube ) side* contact+ .2,7,8

Reference
,

9 recently predicted interesting featuresin the
transmission
 

throughendcontactedarmchairtubes.The low
contact# resistancedemonstratedby de Pabloet- al.5

(
and% Soh

et- al.6
.

are% dueto a stronginteractionbetweenmetalandcar-
bon
/

atomsat the endof the nanotube,or/anddueto lack of
translational
 

symmetry.10 In comparison,the interactionbe-
tween
 

metalandcarbonatomsin side-contactednanotubesis
weak.0

An
1

interestingmanifestationof weakdistributedcoupling
is that the contactresistanceis inverselyproportionalto the
contact# length,asobservedexperimentallyin Refs.2 and8.
Recently
,

Tersoff, in a perceptivepaper,10 qualitatively2 dis-
cussed# the importanceof k

3
-vector conservationwhen the

coupling# betweennanotubeand metal is weak. The impor-
tant
 

physicalquantitiesare the diameterandchirality of the
nanotube,4 the Fermi wave vector of the metal,areaof con-
tact,
 

anddetailsof themetal-nanotubecontact.In this paper,
we0 study the physics of side-contactednanotube-metal
contacts# 2,8

5
by
/

addressinghow thesephysicalquantitiesaffect
the
 

transmissionof electronsfrom the nanotubeto the metal
contact.# For small diameternanotubes,our conclusionsdo

not4 fully agreewith Ref. 10. We find that for small diameter
armchair% tubes,thethresholdvalueof theFermiwavevector
below
/

which the conductanceis very small is 2 6 /3
7

a8 0
9 and%

not 4 : /3
7

a8 0
9 ,; which is the thresholdvalue for graphene.a8 0

9< 2.46
=

Å is the latticevectorlengthof graphene.In contrast
to
 

armchairtubes,the thresholdfor zigzagtubesis zero.Our
calculations# alsoshowthat theconductancescaleswith con-
tact
 

length,a phenomenonthatwasobservedexperimentally
in
>

the work of Tanset- al.2 and% Franket- al.8

In
?

the remainderof the introduction,we discussthe sa-
lient results using simple arguments.The method is dis-
cussed# in Sec.II, and the numericalresultsand discussion
are% presentedin Sec.III. We presentour conclusionsin Sec.
IV.
?

The first Brillouin zone of graphenetouchesthe Fermi
surface* at six points @ Fig. 1A . Of these,only two points are
inequivalent
> B

that
 

is, do not differ by a reciprocal-latticevec-
tor
 DC

. The conductionpropertiesof graphiteat a low biasare
controlled# by the natureof eigenstatesaroundthesepoints.
Consider
�

a metal making uniform contactto graphene.The
in-plane
>

wavevectorshouldbe conservedwhenan electron

FIG. 1. First Brillouin zoneof graphene.PointsP,P E ,P F ,QG ,H Q I ,H
and Q J touch the Fermi surface.a0

K is the lattice vector length of
graphene.A metal with a Fermi wavevectorsmaller L inner circleM
and larger N outerO circleP than 4 Q /3

R
a0
K couplespoorly and well to

graphene,respectively.
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tunnels
 

from themetalto thenanotube.As a result,for good
coupling# betweenmetalandgraphene,themetalFermiwave
vectorX shouldbe comparableto 4 Y /3

7
a8 0
9 ,; which corresponds

to
 

the Fermi wavevectorof graphene.
To
Z

discussthecaseof nanotubesmakingcontactto metal,
we0 considerthe scatteringrate (1/ [ c\^] m_ )

`
from the metal to

nanotubewithin the Born approximation,

1/ a c\ -m_cbedgf c\^h Hc\ji m_lk m m_ln ,; o 1p
where0 q

m_ (
rts

c\ )` is the metal u nanotubev wave0 function and
H
w

c\ -m_ representsx the nanotube-metalcoupling. The wave
functionof an (ny ,; mz )

`
nanotubeis { c\j| e- ik t

} pu~��
c\ ,; wherek

�
t� is

the
 

axial wave vector, u� is
>

the one-dimensionalunit cell
length,
�

p� is
>

anintegerrepresentingthevariousunit cells,and�
c\ is a vectorrepresentingthewavefunctionof all atomsin

a% unit cell. It is assumedthat the wavefunction of the metal
is
>

separablein theaxial andradialdirectionsof thenanotube,� �
m_���� e- ikm� pu~����

m_l� ,; wherek
�

m_ is themetalwave-vectorcom-
ponent� alongthe nanotubeaxis.Whenthe couplingbetween
the
 

nanotubeandmetalis uniform, thescatteringrateis � Eq.
��

1���
1/� c\ -m_c� t� c\ -m_���� c\¡ �¢ m_�£^¤

p~ e- i(
¥
k
¦

m�¨§ k
¦

t} )© pu~ ,; ª 2=�«
where0 thesummationis performedoverall unit cellsmaking
contact# to metal,andt� c\ -m_ representsx a uniform couplingcon-
stant* betweenthemetalandnanotube.It is clearfrom Eq. ¬ 2
that
 

providedthemetalandnanotubemakecontactoversev-
eral! unit cells, wave-vectorconservationalong the axial di-
rection is enforcedas ® p~ e- i(

¥
k
¦

m�¨¯ k
¦

t
} )© pu~±°

(1
r

/u� )
`j²

(
r
k
�

m_c³ k
�

t� )` . The
axial% wavevectorcorrespondingto E

´¶µ
0
·

are2 ¸ /3
7

a8 0
9 and% 0

for armchairand zigzag tubes,respectively,and the wave
vectorX for other chiralities variesbetweenthesetwo limits.
As
1

a result, the thresholdvalue of the Fermi wave vector,
below
/

which the coupling betweenan armchair ¹ zigzagº »
nanotube4 and metal is poor, is equal to 2 ¼ /3

7
a8 0
9 (0).
r

The
threshold
 

value of the metal Fermi wave vector for chiral
tubes
 

is in betweenthatof zigzagandarmchairtubes.As the
diameter
½

of the nanotubeincreases,wave-vectorconserva-
tion
 

along the circumferencebecomesincreasinglyimpor-
tant,
 

asthe graphenestrip approachesa graphenesheet.

II. METHOD

The
Z

methodusedto calculatetransmissionprobability is
essentially! the sameasthat in Ref. 4, with the only addition
being
/

the connectionof a metalcontact.11 So
�

in this section,
we0 mainly focuson theconnectionto themetalcontact.The
metal contacthas a rectangularcrosssection in the (x¾ ,; z¿ )`
plane� andis infinitely long alongtheyÀ axis,% asshownin Fig.
2.
=

Thenanotubelies on themetalcontactakin to theexperi-
ment� of Tanset- al.2 In

?
Ref. 2, the nanotubebendsover the

edge! of the metal,andthe influenceof this on transportwas
recentlymodeledby Rochefortet- al.12 In this work, themain
focus
Á

is to model the couplingbetweenthe metalandnano-
tube.
 

So we assumethe nanotubeto lie rigidly on the metal,
and% neglectthe effect of bending Â Fig. 2Ã . A perfectlycylin-
drical
½

nanotubewould touch the metalsurfaceonly alonga
line.
�

To simplify modelingthis interface,we stretchthe en-
tire
 

circumferenceof the nanotubeover the metal surface,

and% assumecouplingbetweencarbonatomsin a sectorof the
circumference# and the metal; the Hamiltonianof the nano-
tube
 

is assumedto be the usualone for a circular tube.Fi-
nally, chargeself-consistency13 hasbeenneglected.

The
Z

transmissionandlocal densityof statesarecalculated
in
>

a structure that can be conceptuallydivided into four
parts:� the sectionof the nanotube(D

Ä
)
`
, which lies on the

metalelectrode(M )
`
, andsemi-infiniteregionsL and% R ofÅ the

nanotubeÆ Fig. 2Ç . The Hamiltoniansof the systemcan be
written0 as

H È Hc\jÉ Hm_cÊ Hc\ -m_ ,; Ë 3ÌÎÍ
Hc\jÏ HD Ð HL Ñ HR Ò HLD Ó HRD ,; Ô 4Õ

where0 Hc\ is the pi-electrontight-bindingHamiltonianof the
nanotubewith the on-sitepotentialand the hoppingparam-
eter! betweennearest-neighborcarbonatomsequal to 0 and
3.1
Ì

eV, respectively.1 HLD and% HRD are% termsin the Hamil-
tonian
 

couplingD
Ä

to
 

L
Ö

and% R
×

,; respectively.H
w

m_ and% H
w

c\ -m_ are%
the
 

free-particleand nanotube-metalcoupling terms of the
Hamiltonian.
Ø

TheGreen’sfunctionG
Ù r is

>
obtainedby solvingÚ

E
´¶Û

H
w

D
ÜcÝßÞ

L
ràâáßã

R
ràåäßæ

m_ràèç GÙ r(
r
E
´

)
`�é

I
ê
,; where the self-energyëíìâî

VD ï gðòñr V ó D(
rõô÷ö

L
Ö

,; R× ,; andM
ø

).
`

gðòùr is
>

thesurfaceGreen’s
function
Á

of lead ú and% VD û (r V ü D)
`

is the coupling between
D
Ä

(
rÎý

)
`

and þ (
r
D
Ä

)
`
. Thetransmissionprobabilitybetweenleadsÿ and% ��� T ����� is given by

T
�
	���

E
´����

Tr
Z�������

E
´��

G
Ù rà�� E´������ E´�! GÙ a"�# E´�$&% ,; ' 5(�)

where0 *�+ (r E´ )
`�,

2
=.-

VD
Ü0/�12/ (r E´ )

`
V 3 D
Ü ,; and 425 (r E´ )

`�67 (1
r

/ 8 )I
`

m9 gð2:r (
r
E
´

)
`&;

is
>

thesurfacedensityof statesof lead < .
The Green’sfunction of the metal contact is calculated

within0 the free-electronapproximationusing the procedure
outlinedÅ below. The metal contacthas a rectangularcross
section* of dimensionsLx= and% Lz> in the x¾ and% z¿ directions,

½
respectively,x and is infinitely long in the yÀ direction.

½
While

the
 

(yÀ ,; z¿ )` coordinatesare assumedto be continuous,the x¾
coordinate# is assumedto be discretewith lattice spacinga8? Lx= /(

7
N
@

x=�A 1), whereN
@

x= is thenumberof latticepoints.The
wave0 functions( B mkn_ )

`
andeigenvalues(Emkn_ )

`
aregivenbyC

mkn_ED rF�G�H X
I

m_KJ x¾0L Y k
¦NM yÀPO ZQ nR�S z¿�T ,; U 6V�W

where0

X
I

m_YX x¾0Z�[ 1\
L
Ö

x= sin* mz^] x¾
L
Ö

x= ,; Y k
¦N_ yÀP`�a 1b

L
Ö

yc exp!ed ikf y g ,;

FIG. 2. A metal making contactto a nanotube.The (xh ,H z) di-
mensionsof themetalform a rectangularcrosssectionwith lengths
(Lxi ,Lzj ). The yk direction

l
is infinitely long.

14220 PRB 61M.
m

P. ANANTRAM, S. DATTA, AND YONGQIANG XUE



ZnR�n z¿�o�p 1q
Lz> sin* mz^r z¿

Lz> ,;

Emkn_ts u 2

2mz ov a8 2
1 w cos# mz^x

N
@

x=Ny 1 z
{ 2k
� 2

2mz ov}|
~ 2

2mz ov ny.�
Lz>

2

,; �
7
���

where0 mz and% ny are% positive integers,and mz 0
9 is the free-

electron! mass.Using Eqs. � 6V�� and% � 7��� in
>

the equationfor the
Green’s
�

function,

gðK� r,; r � ,; E �����
m_ ,k
¦

,nR
�

mkn_E� rF�� * � mkn_E� rF����
E � Emkn_t� i

��� ,;
we0 obtain,

gðK� r,; r � ,; E ��� � im
�

ov¡ 2
5 1

Lx= Lz>
¢
m_ ,nR exp!¤£ ik� I

¥§¦ yÀ.¨ yÀª©�«¬
k
�

I
¥

®
sin* mz^¯ x¾

L
Ö

x= sin* mz^° x¾²±
L
Ö

x= sin* ny.³ z¿
L
Ö

z> sin* ny.´ z¿¶µ
L
Ö

z> ,;·
8
¸�¹

where,0

k
�

I º k
� 2
5¼» ny.½

L
Ö

z>
2
5¿¾

1

a8 2
1 À cos# mz^Á

N
@

x=NÂ 1 Ã i
��Ä 1/2

and%

k
�ÆÅ 2

=
mz ov E´Ç 2
5 . È 9É�Ê

For
"

carbonnanotubes,thezeroof energy(E
´ÌË

0
·

) is takento
lie at the bandcenter.On the otherhand,in derivingEq. Í 8¸�Î
the
 

zero of energycorrespondedto the bandbottom of the
free-electron
Á

metal.In the calculations,thereshouldbe only
oneÅ zeroof energy,which we taketo lie at thebandcenterof
the
 

nanotube.We alsoneglectchargingeffects,andassume
the
 

Fermienergyof themetalto lie at thebandcenterof the
nanotube.14 Then,in thecoordinatesystemwhereE Ï 0

·
cor-

respondsto the bandcenterof the nanotube,Eq. Ð 8¸�Ñ can# be
used$ by transforming,

k
�ÆÒ 2mz ov EÓ 2

5 to
 

k
�ÆÔ 2mz ov EÕ 2

5×Ö k
�

f
Ø2

in
>

Eq. Ù 9É�Ú ,; wherek
�

f
Ø is
>

the Fermi wavevectorof the metal.
The
Z

componentof the Green’s function that entersthe
calculation# of thedensityof statesandtransmissionprobabil-
ity
>

correspondsto x¾
Û x¾²Ü�Ý a8 ,; thesurfaceof themetalcontact
onÅ which the nanotubelies. The (yÀ ,; z¿ )` coordinatescorre-
spond* to the atomic location of the stretchedout nanotube
lying
�

on the metal.For uniform couplingbetweenthe metal
and% nanotube,we takeVDM

ÜßÞ tD� 0
9 ,; wheret� is

>
the strengthof

coupling# betweenthe free-electronmetal and a nanotube
atom,% andD0

9 is a diagonalmatrix whosedimensionis equal
to
 

the number of carbon atoms in D
Ä

. The diagonal entry
D0
9 (r i� ,; i� )`�à 1(0) if the carbon# atom ‘‘i’’ makes á does

½
not

makeâ contact# to the metal.

III.
�

RESULTS AND DISCUSSION

We
ã

first presentresultsfor the dependenceof the thresh-
oldÅ valueof the metalFermi wavevectoron chirality, using
armchair% and zigzag tubesconnectedto the metal contact.
We
ã

then discussthe diameterdependenceof the conduc-
tance,
 

usingthecaseof a zigzagtubeasanexample.Finally,
the
 

caseof disorder in coupling betweena nanotubeand
metal� is considered.We consideronly weak coupling be-
tween
 

thenanotubeandmetal.Theaveragevalueof thenon-
zerodiagonalelementsof thecouplingstrengthä M

å are% tabu-
lated
�

in Table I for the various valuesof the metal Fermi
wave0 vector considered.The main guide for the choice ofæ

M
å is
>

that it be much smaller than the correspondingcou-
pling� strengthbetweentwo carbonatomsof the nanotubeç
the
 

diagonal componentof è L
é is approximatelyequal to

TABLE I. ê M for the different valuesof the metalFermi wave
vectorsused.

Metal Fermi
wavevector ë M(eV)

(Å
ìîí 1)

ï
0.4
ð

1.1ñ 10ò 4
ó

0.75
ð

7.2ô 10õ 4
ó

0.9
ð

1.2ö 10÷ 3
ø

1.2 2.9ù 10ú 3
ø

1.75 9.1û 10ü 3
ø

FIG. 3. Transmissionprobability for ý a�§þ armchair� and ÿ b��� zigzag
tubesvs the contactlength.In both casesthe largestcontactlength
correspondsto 60 unit cells. The main point of � a��� is that for the
metal Fermi wave vector smallerthan the threshold2 � /3

R
a0
K , cou-

pling betweenthe nanotubeandmetal is small, and increasingthe
contactlengthdoesnot changethe transmissionprobability. For a
metalFermiwavevectorlargerthan2 � /3

R
a� 0
K , thetransmissionprob-

ability increaseswith anincreasein thecontactlengthandalsowith
anincreasein k f

� for
	

a givencontactlength.Themainpoint of 
 b��� is
that thereis no thresholdin the metalFermi wavevector.Even in
thecaseof a small valueof themetalFermiwavevector(0.4 Å � 1),

ï
the transmissionincreaseswith an increasein the contactlength,
thoughthe magnitudeof transmissionis small. As in the armchair
case,the transmissionprobability increaseswith an increasein k


f
�

for a givencontactlength.Valuesof TML in � b��� corresponding� to k f
�

equalto 0.4, 0.75,and1.2 Å aremultiplied by a factor of 10.
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0.3
·

eV- for a � 2,2� nanotube� . A larger � smaller* � valueX of � M
å

will0 result in a larger or smaller value of transmissionin
Figs. 3–5. We calculate the transmissionversus contact
length betweenthe nanotubeand metal for various Fermi
wave0 vectorsin the metal,andall atomsaroundthe circum-
ference
Á

of the tube are assumedto make uniform contact
with0 the metal. We emphasizethat when the metal makes
contact# with only a sectorof the nanotubesuchasin Ref. 2,
the
 

resultsof theFermiwave-vectordependenceon chirality

and% the conductancedependenceon contactlength are still
valid.X These featuresdependon nanotube-metalcoupling
along% the axial direction. So any changedue to the finite
sector* will not qualitativelychangethe results.

Experimentstypically involve transmissionof electrons
between
/

two metal contacts.The quantityT
�

ML discussed
½

in
this
 

section, however, is the transmissionprobability be-
tween
 

a metal contactand a semi-infintenanotube� Fig. 2� .
We
ã

considerthis quantity becausea long nanotubesection
between
/

two metalcontactsrequiresmuchmorenumerically
intensivecalculations.Thephysicsdiscussedwith regardsto
T
�

ML
å in

>
Figs. 3–5 also holds in the caseof two metallic

contacts,# thougha directnumericalcomparisonis not appro-
priate.�

In thecaseof armchairtubes,whenthemetalFermiwave
vectorX k

�
f
Ø is smaller than 2 � /3

7
a8 0
9 (r 0.85Å � 1),

`
TML does

½
not

change# significantly with contact length, as shown for k
�

f
Ø� 0.75

·
Å � 1 in Fig. 3� a%�� . For valuesof k

�
f
Ø above% the thresh-

old,Å the transmissionmonotonically increaseswith an in-
crease# in the contactlength.The monotonicincreaseis due
to
 

weakmetal-nanotubecoupling,in which casean increase
in the contact length simply results in an increasein the
transition
 

probability to scatterfrom metal to nanotube� dis-
½

cussion# surroundingEqs. � 1 and% ! 2=#"%$ .15 The
Z

transmission
will0 eventually saturatewith an increasein the contact
length,as thereareonly two conductingmodesat the band
center.# For the configurationconsidered,T

�
ML can# have a

maximumvalueof unity. The secondfeatureof Fig. 3& a%�' is
the
 

increasein transmissionwith an increasein k
�

f
Ø . This can

be
/

understoodby noting that electronswith a wave-vector
component# along the nanotube axis that is larger than
2
=)(

/3
7

a8 0
9 scatter* from the metal to the nanotube,anda larger

k
�

f
Ø implies
>

a largenumberof availablemetalelectronstates.
For
"

the purposeof thesecalculations,we considereda * 2,2
=,+

armchair% tube.The essentialphysicswould in principle also
be
/

true for the morerealistic - 10,10. nanotube.
The
Z

caseof zigzagtubesis different becausebandsat E
´

/ 0
·

crossat k
�10

0
·

. Thenelectronsin themetalelectrodewith
any% k

�
f
Ø32 no threshold4 can# scatterinto a metallic zigzagtube.

Theresultsfor a 5 3,0
Ì,6

tube
 

areshownin Fig. 37 b/#8 . Herethere
are% two importantpoints.Thefirst point is thatasthereis no
threshold
 

metal Fermi wave vector, the transmissionin-
creases# monotonicallywith the contact length even for k

�
f
Ø9 0.4

·
Å : 1,; which is smallerthanthe thresholdfor armchair

tubes.
 

The secondpoint is that the transmissionfor k
�

f
Ø equal!

to
 

1.2 Å ; 1 is muchsmallerthanthatfor armchairtubes< Fig.
3
Ì>=

a%�? ; the transmissionsof the threesmallervaluesof k
�

f
Ø have
@

been
/

multiplied by a factorof 10A . This is becausethenano-
tube
 

wavevectoraroundthe circumference(k
�

c\ )` of a zigzag
tube
 

is large,k
�

c\CB 4 D /3
7

a8 0
9 for the crossingbands,and,as a

result,x the overlapintegral E Eq.
� F

1G%H is
>

smallerthanfor arm-
chair# tubes.k

�
f
ØCI 1.2 Å J 1 is closeto the Fermi wavevector

for
Á

Au andAg. As k
�

f
ØCK 1.75Å L 1 is

>
largerthanthethreshold

for graphite,the transmissionprobability is larger,andcom-
parable� to that for armchairtubes M Fig. 3N b/#O%P .

What
ã

happenswhen the diameterincreases?In the limit
ofÅ large diameter,a nanotubeis akin to graphene,and to
couple# well with metal the thresholdk

�
f
Ø should* approach

4 Q /3
7

a8 0
9 .10 Numerically,

R
it is difficult to simulatelargediam-

eter! tubesalong with large contact lengthsbecauseof the
time
 

and memoryrequirementsassociatedwith the calcula-

FIG.
S

4. Comparisonof the transmissionprobabilityof T 3,0U andV
6,0W nanotubesvs the contactlength.The transmissionprobability

decreaseswith an increasein thediameter.Inset:Theyk axis is TML

for metallic zigzagtubesscaledby 1.0e X 4. The solid line is the
diameterdependenceof TML

Y for a contactlength of 42.6Å . The
upperand lower dashedlines are 1/ Z diameter

l
and 1/diameterde-

pendences,shownfor comparison.

FIG.
S

5. Comparisonof transmissionprobability vs the contact
length for a [ 2,2\ armchair tube, with and without disorder in
nanotube-metalcoupling. The metal Fermi wave vector is
0.75Å ] 1. Note that for thecasewithout disorder,the transmission
is poor,andincreasingthecontactlengthdoesnot help.Introducing
disorderchangesthis picture, and the transmissionbegins to in-
creasewith an increasein the contactlengthbecausek-vectorcon-
servationis relaxed.
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tion
 

of gð M
r . To conveythe main point we considertwo sim-

pler� cases.Thefirst casecomparesthetransmissionprobabil-
ity
>

of the two smallest semimetallic zigzag tubes with
varyingX contactlengths,and the secondcaseconsiderszig-
zag tubesof varying diameterswith a rathersmall contact
length.
�

Figure 4 comparesthe transmissionprobability ver-
sus* contactlengthof the ^ 3,0

Ì`_
and% a 6,0

V,b
nanotubes.4 The c 6,0

V`d
nanotubehastwice the diameterof the e 3,0

Ì`f
nanotube.Theg

6,0
V`h

nanotubecorrespondinglyhasa smaller transmission,
and% the trendof decreasein transmissionwill continuewith
further
Á

increasein the diameter.The insetis a calculationof
the
 

transmissionprobability versusthe diameterof semime-
tallic
 

zigzag tubesfor a contactlength of 42.6Å i ten
 

unit
cells# j . TML decreases

½
with an increasein the diameter,be-

cause# wave-vectorconservationbecomesincreasingly im-
portant� with increasein the diameter.Also shown in this
figure for comparisonare1/diameterand1/k diameter.

½
We
ã

now addressthe role of disorder.Disorder in either
the
 

nanotube,metal,or nanotube-metalcouplingwill in gen-
eral! result in larger transmissionwhen comparedto the
disorder-free
½

case.Wave-vectorconservationis relaxeddue
to
 

scatteringfrom defects,andthe transmissionwill increase
with0 anincreasein thecontactlengtheven- when the metal k f

Ø
is
�

below the threshold value. We considerthe caseof disor-
der
½

in nanotube-metalcoupling (Hc\ -m_ )
`
. Disorderin all ele-

mentsof the coupling betweenthe nanotubeand metal is
introduced
>

randomly.The disorderin the couplingof atom i
�

to
 

the metal contact can be written as t� i lnm t� a"porq (1
r

snt )
`
t� irandà

,; wheret� a"vu is the averagevalueof t� i overÅ all sites
connected# to themetal,and w is a fractionbetweenzeroand
unity.$ t� irand is therandomcomponentwhoseaverageis equal
to
 

t� a"px . In Fig. 5, the two strengthsof disordercorrespondtoy{z 0
·

and0.5 | the
 

smaller } corresponds# to largerdisorder~ ,;
such* that t� a"p� has the samevalue as in Fig. 3� a%�� . For an
armchair% tubein contactwith a metalwith k

�
f
ØC� 0.75

·
Å � 1,; the

transmission
 

is very small, and more importantly did not
varyX with contact length � Fig. 3� a%��%� . Introducing disorder
changes# this trend,andcausesa monotonicincreasein trans-
mission� with the length of contact � Fig.

"
5� . Similarly, for

largediametertubes,in thepresenceof disorderthereshould
be
/

significant transmissionwhen k
�

f
Ø is
>

smaller than the
threshold
 

4 � /3
7

a8 0
9 . The requirementof wave-vectorconser-

vationX is also relaxedwhen the phase-coherencelength is
small.* Sowe expectthecouplingto improvewith a decrease
in the phase-coherencelength.

IV. CONCLUSIONS

In
?

this paper,we addressedsomeaspectsof thephysicsof
a% nanotubeside contactedto metal, a problem of current
importance.The couplingof carbonnanotubesto metal de-
pends� on bothchirality anddiameter.Wave-vectorconserva-
tion
 

of anelectronscatteredfrom a nanotubeto a metalplays
a% central role in determiningthe transportproperties.The
difference
½

betweensmall and large diameternanotubesis
that
 

while in the former wave-vectorconservationis impor-
tant
 

only in theaxial direction,in the latter it is importantin
both
/

the axial and circumferentialdirections.As a result,
small* diameterarmchairandzigzagtubeshavea cutoff value
ofÅ the metal Fermi wave vector equal to 2 � /3

7
a8 0
9 and% zero,

respectively.For chiral tubes,the cutoff value of the metal
Fermiwavevectorlies in betweenthesetwo limits, with the
valueX decreasingwith anincreasein thechiral angle.A large
diameter
½

nanotubeis akin to a graphenesheet,andthecutoff
valueX of themetalFermiwavevectorin this caseapproaches
4
�)�

/3
7

a8 0
9 with0 an increasein the diameter.Disorder in the

metal,nanotube,or metal-nanotubecoupling relaxesthe re-
quirement2 of k-vectorconservation,andin generalimproves
coupling.# References2 and 8 have shown an increasein
conductance# with contactlength.In this paper,we discussed
two
 

situationsthat could lead to this. The first situationre-
quires2 the metal Fermi wave vector to be larger than the
threshold
 

discussedin the text, andholdsevenwhenthereis
no4 disorder.The secondsituation requiresdisorderin cou-
pling� to the metal,but thereis no restrictionon the valueof
the
 

Fermi wavevector.
Note
@

added in proof. P.
�

DelaneyandM. Di Ventra � Appl.
1

Phys.
�

Lett. 75
�

,; 4028 � 2000
= �%�

also% addressestheissueof wave
vectorX conservation.We would like to thank M. Di Ventra
for sendingus a preprint.

ACKNOWLEDGMENTS

We
ã

acknowledgeuseful discussionswith W. A. de Heer�
Georgia
�

Tech� ,; CeesDekker,andZhenYao � both
/

of Delft
University
� �

and% thankJ. Tersoff � IBM � for providinguswith
a% preprintof Ref. 9. We thankMario Encinosa� FAMU � for
many� useful comments on the manuscript, and Alexei
Svizhenko
� �

NASA
�

Ames� for
Á

help with commandsto paral-
lelize subroutine.

*Author
 

to whom correspondenceshouldbe addressed.Electronic
address:� anant@nas.nasa.gov

1M. S. Dresselhaus,G. Dresselhaus,andP. C. Eklund,Science of
Fullerenes
¡

and Carbon Nanotubes ¢ AcademicPress,New York,
1996£ , Chap.19.

2
¤
S.J.
¥

Tans,M. Devoret,H. Dai, A. Thess,R.E.Smalley,L.J. Geer-
ligs, andC. Dekker,Nature ¦ London§ 386

¨
, 474 © 1997ª .«

3
¬
C.T.


White andT.N. Todorov,Nature ® London
¯ °

393,H 240 ± 1998² .
4M.P.
m

Anantram and T.R. Govindan, Phys. Rev. B 58,H 4882³
1998́ .

5
µ
P.J.dePablo,E. Graugnard,B. Walsh,R.P.Andres,S.Datta,and
R.
¶

Reifenberger,Appl. Phys.Lett. 74
·

,H 323 ¸ 1999¹ .
6
º
H.
»

T. Soh,F. Quote,A. F. Morpurgo,C. M. Marcus,J.Kong,and
H. Dai, Appl. Phys.Lett. 75,H 627 ¼ 1999½ .«

7
¾
D.H. Cobden,M. Bockrath,P.L. McEuen,A.G. Rinzler,andR.E.
Smalley,Phys.Rev.Lett. 81

¿
, 681 À 1998Á .«

8
Â
S. Frank,P. Poncharal,Z.L. Wang,and W.A. de Heer,Science

280,H 1744 Ã 1998Ä ; P. Poncharal,S. Frank,Z. L. Wang,andW.
A. de Heer,Eur. Phys.J. D. 9, 7H 7 Å 1999Æ .

9
Ç
M. P. Anantramand T. R. Govindan,Phys. Rev. B 61

È
, 5020É

2000Ê .
10J. Tersoff,Appl. Phys.Lett. 74

·
,H 2122 Ë 1999Ì .«

11The following referencesdiscussthe Green’sfunction formalism
used: S. Datta, Electronic Transport in Mesoscopic SystemsÍ
Cambridge


University Press,Cambridge,1995Î ; C. Caroli, R.
Combescot,P. Nozieres,andD. Saint-James,J. Phys.C 4, 916Ï
1971Ð ; Y. Meir andN.S. Wingreen,Phys.Rev. Lett. 68,H 2512Ñ
1992Ò .

PRB 61 14223COUPLING OF CARBON NANOTUBES TO METALLIC CONTACTS



12A. Rochefort,Ph. Arouris, F. Lesage,and D.R. Salahub,Phys.
Rev.B 60

È
, 13 824 Ó 1999Ô .«

13A.A.
 

OdintsovandY. Tokura,cond-mat/9906269Õ unpublishedÖ × ;Ø
K
Ù

Esfarjani,A.A. Farajian,Y. Hashi, and Y. Kawazoe,Appl.
Phys.Lett. 74, 79 Ú 1999Û ;Ø F. LeonardandJ. Tersoff,Phys.Rev.
Lett. 83

¿
,H 5174 Ü 1999Ý .«

14One
Þ

canalsotaketheFermienergyto lie off thebandcenter,but

this
ß

does not play an important role in conveying the main
points� of this paper.

15Note that if thenanotube-metalcouplingis strong,thenthetrans-
mission probability would reach its maximum by contacting
only a few layersalongthe length.Furtherincreasein the con-
tact length will not result in a monotonicincreasein transmis-
sion with contactlength.

14224 PRB 61M.
m

P. ANANTRAM, S. DATTA, AND YONGQIANG XUE


